A cost-effective point-of-care (POC) device including a potentiostat, a modified screen printed electrode (SPE) placed in a custom-designed microfluidic chamber, and a homemade syringe pump setup was developed as an electrochemical assay for determination of dopamine (DA), ascorbic acid (AA), and uric acid (UA) in human plasma and urine. SPE was modified with three-dimensional graphene/carbon nanotube (3DG/CNT) used as a new electrochemical sensor. A microcontroller-based potentiostat was developed to perform cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements. The syringe pump system based on open source electronics was made to guide the solution through a microfluidic chamber. In order to improve the quantification accuracy, the DPV peaks were resolved, using partial least square (PLS) method. The detection limits were AA (2.5 µM), DA (0.4 µM), and UA (0.6 µM) (signal to noise ratio, 3). The linear dynamic ranges were 4-2000, 0.5-2000, and 0.8-1500 µM for DA, AA, and UA, respectively. The precision of the method (RSD, n=3) was < 2.2 %.
INTRODUCTION
The development of cost effective and portable miniaturized platform or point-of-care (POC) systems is a main subject within the primary healthcare. In POCs all tests can be performed close to the patient [1] . Compared with traditional laboratory testing with large instruments, which are laborintensive, time-consuming and expensive, POC testing is sensitive, affordable, rapid, specific, userfriendly, equipment-free, robust and deliverable to end users [2, 3] . The microfluidics-based biosensors have attracted the attention of researchers because of their potential applications in global health, food safety, personalized medicine, drug discovery clinical diagnostics, and forensics. The request for biosensors and bioelectronics capable of detecting biological warfare agents has increased, and the research is focused on ways of producing miniature portable devices that would allow rapid, accurate, and on-the-spot detection [4] . Dopamine (DA) is a major neurotransmitter that has a critical role in the mammalian focal nervous system for message transfer. Moreover, it is implicated in the pathogeneses and treatment of a variety of psychiatric disorders and the regulation of cognitive functions. Therefore, quantitative measurement of DA is essential. Since DA is electroactive catecholamine, thus its electrochemical detection with the advantages such as speed, simplicity, and sensitivity is preferred. Between many methods for detection of DA in biological samples, voltammetric method has shown to be a powerful tool. However, the principal challenge in the electrochemical determination of DA is the coexistence of other biologically significant compounds such as ascorbic acid (AA) and uric acid (UA) at a higher concentration than DA exists [5] . Moreover, these compounds are also oxidized at a potential near to DA, which results in the overlapping of electrochemical response. UA is the main final product of purine metabolism, and it is one of the main biomolecules present in urine and blood. Elevated UA levels in the urine may be a sign of spreading cancer, Lesch-Nyhan syndrome, consumption of a purinerich diet gout, Fanconi syndrome and rhabdomyolysis. AA is also one of the main components in the human diet, and it plays an essential role in bioelectrochemistry, neurochemistry, and clinical diagnostics applications. It has been also used for the prevention and treatment of mental illness, scurvy, and cancer which is very important [6, 7] .
Generally, the redox reactions of such species at unmodified electrodes suffer from irreversibility, electrochemical detections at high overpotentials [8] , and very similar potentials, and pronounced fouling effect [9] . In order to the simultaneous determination of AA, DA and UA, different materials such as metal complexes, polymers and carbon materials have been used to modify electrodes. Between them, carbon-based nanomaterials such as graphene (G) and carbon nanotubes (CNTs) are the most frequently used modifiers, because of their large electrochemical active surface area and good catalytic activity [10] [11] [12] [13] [14] . However, due to the π-π stacking, hydrophobic interactions, and van der Waals forces between individual G sheets, it tends to form irreversible agglomeration or even restock to form graphite. This may also significantly decrease the high specific surface area of G, which is unfavored for its applications. To solve this problem, the G sheets can be reassembled into three-dimensional graphene (3DG) structures. Compared with 2D-G, the 3D structures have higher specific surface area, stronger mechanical strength, lower density, and faster mass and electron transport kinetics due to combining 3D interconnected framework and excellent intrinsic properties of G. The ultrahigh surface area, hollow structure, porosity, and fast mass transport kinetics of 3DG make it a promising candidate for modifying electrode surface [15] . Moreover, the addition of CNTs can bridge adjoin G to reduce their aggregation efficiently. In addition, electrodes modified only with CNTs or G alone cannot determine AA, DA and UA selectively, so it is intransitive to functionalize carbon materials [14] .
In this research, a POC device consisting of a modified SPE electrode in a microfluidic chamber connected with a syringe pump assembly and a miniature potentiostat was developed for the first time. The 3DG/CNTs network was successfully fabricated on the surface of SPE by electrodeposition method. The device was utilized for determination of DA, AA, and UA in biological samples through CV and DPV measurements. In order to enhance sensitivity and resolve overlapping peaks, partial least square technique was applied to the electrochemical response.
EXPERIMENTAL

Materials and reagents
Ascorbic acid, dopamine, uric acid and lithium perchlorate (LiClO4) were purchased from Sigma Aldrich (St. Luis, MO, USA). Graphite powder (300 mesh, spectral pure) was obtained from Merck Chemicals (Darmstadt, Germany). A phosphate buffer solution (PBS, 0.1 M, pH 7.0) was prepared using Na2HPO4 and NaH2PO4 and used as supporting electrolyte. The chemicals and reagents with analytical grade and used without further purification.
Equipments
The cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements were performed with the developed POC device. The bare SPE electrode was obtained from Metrohm AG (Herisau, Switzerland). The impedance data were fitted to equivalent circuit using Zview 3.0 software. An Ivium Palmsens 2 (Houten, Netherland) was used to validate the performance of the designed potentiostat. The electrochemical impedance spectroscopy measurements were taken with a CHI 660 electrochemical workstation (CH Instruments, Austin, TX, USA). The electrochemical cell, which used for primary test consisted of glassy carbon electrode (GCE, 3 mm, Bioanalytical Systems, Inc., Beijing, China) as the working electrode, a platinum wire as the counter electrode and Ag/AgCl Metrohm AG (Herisau, Switzerland) as the reference electrode. The Raman spectrum were obtained utilizing a Thermo Nicolet XR Raman Spectrometer (MA, USA).
The point-of-care analyzer
The developed POC device was made of three main parts including a microfluidic chamber, a potentiostat, and a syringe pump assembly (Fig. 1) . Figure 1 . The main components of the developed point-of-care system. a) Microfluidic chamber. A homemade microfluidic chamber was designed to fit the modified 3DG/CNT-SPE electrode for performing electrochemical measurements. The chamber was placed after a syringe pump assembly that provides precise and repeatable volume. A mixing valve merges the sample and buffer solutions flows, and brings the mixture to the chamber through a polyethylene tube (i.d., 0.8 mm). The electrode has been placed between two polydimethylsiloxane blocks of the microfluidic chamber. The lower block of the chamber includes appropriate margins to position an Oring to seal the upper SPE surface.
b) The potentiostat. This part consists of a modified gas sensor (LMP91000, Texas instrument, USA) ( Fig. 2 ) and a microcontroller (Arduino, Italy). The sensor was reconfigured to perform CV and DPV measurements. An Arduino Due based on 84 MHz ARM microcontroller was added to the system instead of the commonly used and expensive field programmable gate array (FPGA) board. The sensor was powered and controlled via an I 2 C interface. The measurements were validated using two commercial potentiostats (Palmsens 2 & EMstat) for Fe(II)/Fe(III) redox in PBS buffer (Fig. 3) . The results indicate that the difference between the peaks is not significant. Syringe pump. Two low-cost, miniaturized syringe pump for precise infusion and withdrawal of sample solutions was made using (Arduino Uno) open source instrument hardware and 3D printer buildparts. The pumps are programmed and controlled by Arduino user interface and DRV8825, stepper motor driver.
Synthesis procedure.
The reduced-GO nanosheets were synthesized using graphite powder by a modified Hummer method [16] . The 3DG network was prepared through electrodeposition of GO sheets on the SPE surface. Briefly, 0.15 g of GO and 0.01 g CNT were added to a 0.1 M water solution of LiClO4 and sonicated for 15 min. The electrodeposition of the mixture (GO/CNT) was carried out with the CV method (conditions: the potential range, zero to -1.5 V; scan rate, 100 mV s -1 ; and cycles, 10). To remove unreacted materials, the modified electrode was washed with deionized water. Then, it was freeze-dried to fix the 3D structure. Cathodic potential of −1.2 V were applied for 5 min, the porous 3DG structure was immobilized on the surface of electrode.
Electrochemical modification of electrode surface
Different methods have been offered for fabrication of 3DG-based compositions including template-directed chemical vapor deposition [17] , hydrothermal reduction [18] , gelation of graphene oxide [19] , and electrochemical reduction [20] . Among these techniques, electrochemical reduction is an echo-friendly, easy, and inexpensive method. In addition, it is the most suitable approach for modification of electrode surface, because reduced graphene sheets can be directly deposited on the surface of electrodes [20] . Therefore, in this study, the surface of the SPE electrode was modified with 3DG/CNT to improve the sensitivity. Carbon nanotubes (CNTs) was also added to prevent aggregation of graphene nanosheets. The CNTs also act as nanowires to improve the surface electrical conductivity (Fig. 4) . 
Data processing
The PLS is a multiple linear regression technique that can resolve data with strongly associated, noisy, and a large number of X-variables, and simultaneously build models for several response variables [21] . It decomposes X and Y matrices into score and loading matrices using singular value decomposition algorithm and then maximizes the covariance between scores in X and Y spaces. It can simply describe the Y matrix in the directions, which are the most correlated to the X matrix. Using PLS technique overlapped signals were resolved and wider linear range and lower limit of detection were observed. In recent researches for determination of neurotransmitters most of the time the modifiers not only enhance the sensitivity but also improve the separation of peaks that is the influence of different kinetics of analytes on the surface of electrode, which lead to simultaneous determination of target analytes [22] . In this study, the modifier only enhances the peak current of analytes, which means a better sensitivity is achievable, but it seems that the kinetic of analytes is not that much different on the surface of modified electrode therefore the resolution of peaks is not sufficient for simultaneous determination here is the critical point, which PLS is used. The technique is capable of resolving overlapped peaks [23] [24] [25] . As we searched through there is no reports of using such techniques in combination with electrochemical techniques for simultaneous determination of target analytes. The MATLAB & Simulink R2016b software were used for data modeling and coding, respectively.
RESULTS AND DISCUSSION
Structural and electrochemical characterization
Figures 5a and 5b shows the SEM micrographs of the modified 3DG/CNT-SPE electrode after electrodeposition of reduced-GO and CNT on the surface of SPE. As it is obvious, the reduced graphene sheets and CNTs have been randomly connected with each other to form a macroscopic porous and cavity-like 3D structure. The 3D structure facilitates the access of analytes to high electrode surface. The pore walls contain oriented graphene sheets with exposed active sites that catalyze the redox reactions on the surface of the electrode for electron transfer. Moreover, the electrodeposition time has a great effect on composition of 3D structure. At the times shorter than 300 s, poor 3D structure was observed. The Raman spectra of 3DG and 3DG/CNT in Fig. 5c ascribed to the presence of structural deficiency [26] . The intensity of D/G ratio in the Raman spectrum of GO is approximately equal to 0.45. However, after electrodeposition of 3DG/CNT on the SPE electrode, the D/G ratio increased to 0.67, which demonstrates the resumption of sp 2 conjugation in the graphite structures [16] . Moreover, the appearance of a 2D band (at ⁓2500 cm −1 ) displays the successful concatenation of CNTs to the 3DG structure. The single layer graphene can also be identified by analysis of the 2D/G ratio. As can be seen in Fig. 5c the 2D/G ratio of 3DG/CNT has significantly been enhanced compared to that of 3DG [27] . Therefore, the incorporation of CNTs led to the formation of single-layer graphene with the higher surface area.
The kinetics of electron transfer in a redox system at the 3DG/CNT-SPE electrode and an SPE electrode surface was compared based on impedance measurements (Fig. 5d) . The resistance of charge transfer (Rct) value for the redox system was calculated as the diameter of the high-frequency half-circle in the Nyquist plots. By fitting the data, Rct at the 3DG/CNT-SPE was smaller than that obtained at the SPE electrode. Enhancement in the kinetics of electron transfer can be attributed to the presence of 3DG/CNT. The equivalency circuit and slope of Warburg also confirm the faster kinetic of electron transfer in modified electrode [28] . The sensing efficiency of SPE and 3DG/CNT-SPE electrodes for determination of AA, UA and DA was compared under the same experimental conditions (PBS (pH 7) containing 10 -3 M AA, UA and DA. Figure 5e shows the cyclic voltammograms of the AA, UA and DA mixture. The faradic current obtained with the 3DG/CNT-SPE electrode is remarkably higher than that of the SPE electrode. This leads to an improved sensitivity and detection limit. Moreover, 3DG/CNT-SPE shows a sharper peak with a negative shift, which indicates a faster electron transfer compared with SPE electrode. Therefore, 3DG/CNT-SPE electrode was more suitable for sensing target analytes in the subsequent experiments.
Effect of scan rate
In cyclic voltammetry, scanning the potential in negative and positive directions provide to explore the electrochemical behavior of the target electroactive analyte at the electrode. Therefore, the influence of this parameter was investigated in range of 20-500 mV/s. Figure 6a shows a linear relationship between the oxidation current and the scan rate (20-100 mV/s). This indicates a surface controlled mechanism. At higher scan rates Figure 6b (200-500 mV/s) the linearity between the peak current and the square root of the scan rate indicates that the electrooxidation is controlled by diffusion of active species. The change of mechanism from surface control to diffusion control at higher scan rates leads to a faster electron transfer at the 3DG/CNT-SPE electrode compared with unmodified SPE electrode [29] . Additionally, as scan rate increase, a positive shift is observed for three analytes. -4 M ascorbic acid, dopamine and uric acid using the 3DG/CNT-SPE electrode at 25, 50, 75, 100, 200, 300 and 500 mV s −1 scan rates using the developed POC device.; (a) the linear relationship between scan rate and peak current; (b) the linear relationship between scan rate and square root. All sample solution was prepared in PBS (10 -4 M).
Effect of pH
In most cases, it is important to study the effect of pH on electrochemical behavior of analytes. Therefore, differential pulse voltammograms of a standard solution of AA, DA and UA (6×10 -4 M)
mixture were recorded at different pH values of phosphate buffer solution (4) (5) (6) (7) (8) . As shown in Fig. 7 due to overlapping the signals the maximum peak current was used as a measure for optimizing. As pH increases from 4 to 7, the peaks shifted to more negative values and the peak current increased gradually and after that decreased. This can be attributed to the participation of H + ions in electrochemical reaction on the surface of electrode [30] . Therefore, the pH 7 was used for all experiments measuring AA, DA and UA. 
Electrochemical behavior of the analytes and multivariate calibration
The typical differential pulse voltammograms of individual and mixture of AA, DA, and UA are shown in Fig. 8a . Single component analysis for each of neurotransmitters was carried out using DPV technique. The relationship between peak current and concentration of each analyte was fitted in a linear model while other analytes were present in solution and at constant level. The oxidation peak currents increase with increasing concentration, which indicates the electrocatalytic behavior of 3DG/CNT-SPE. The voltammogram of the mixture shows overlapping peaks. In order to resolve the peaks, and improve the detection limit the PLS regression algorithm was applied to the data generated by the POC device. For simultaneous determination of the analytes, firstly, the calibration set was constructed using 30 standard mixture samples in the potential region from -0.1 to +0.7 V (Table S1 ). The second step is choosing number of significant factors to construct the model. The accuracy of the predicted results from unknown samples largely depends on the number of selected factor. To calculate the prediction error, the leave one out cross validation method was used. A new calibration is built with removing one sample from the calibration set. The removed data is used as test sample for new model. Each sample is left out once and the process is repeated. The desirable number of factors are chosen when predictive residual sum of squares (PRESS) value is minimized. PRESS function is calculated using Eq. (1):
Where k is the number of factors, Ci is the real concentration of analyte, and Ĉi is the calculated concentration of ith sample by multivariate calibration based on k factors. The calculations were repeated for each analyte. The obtained calibration model, with a determination coefficient (R 2 ) of 0.9970, was further validated with a test set of 10 mixture samples of the target analytes (Table 1) In order to test the repeatability of the electrode (n=15), the peak current for a ternary mixture of AA (2.5×10 -4 M), DA (1.0×10 -4 M) and UA (1.5×10 -4 M) were recorded. The RSD were calculated as 3.5, 2.6 and 3.2% for AA, DA and UA, respectively which indicates the 3DG/CNT-SPE electrode is resistant to fouling. To test the reproducibility electrode to electrode, five 3DG/CNT-SPE were tested under the same experimental conditions and the RSDs were 1.5, 1.8 and 2.2 % for AA, DA and UA, respectively were recorded therefore, the fabricating process shows good reproducibility. The applicability of the developed method was evaluated with analysis of two plasmas and two urine real samples obtained from a local medical laboratory (Danesh Lab., Tehran, Iran). A six mL of the sample was placed in a vial and 7 mL of buffer solution mixing was added to it to adjust pH at ⁓7. Then, 3 mL MeOH was added to the solution and the mixture was centrifuged (3000 rpm) for 10 min. Finally, the samples were spiked with standard solutions of the analytes at different concentration levels. The unspiked and spiked real samples were analyzed with the POC device and the results were given in Table 2 . The results show that satisfactory recoveries were obtained for AA (107-120 %), DA (82-110 %), and UA (93-110 %) that indicate the ability of 3DG/CNT-SPE modified electrode for determination of the target analytes in the real samples.
Real sample analysis
The developed method was compared with other published methods for determination of UA, DA, and AA and the results were summarized in Table 3 . As it is obvious, the LODs are better than some and comparable to the others. The linearity of the method is better than that of the others. In addition, the capability for in-situ detection of AA, DA, and UA in biological samples is a main advantage of the developed method over the other methods.
CONCLUSIONS
A portable health monitoring device including a microcontroller-based potentiostat (MP), a designed syringe pump system in tandem with a microfluidic chamber and the MP was developed the first time. A 3DG/CNT-SPE modified electrode was successfully interfaced with the potentiostat for determination of dopamine (DA), ascorbic acid (AA), and uric acid (UA) in human plasma and urine samples. The modified electrode provided a broadly accessible surface and showed a remarkable increase in the kinetics of electron transfer rate. In addition, it decreased the overpotential for oxidation of the analytes and enhanced oxidation peak current. The PLS method techniques was utilized to resolve the overlapped peaks. The developed potentiostat is capable of detecting AA, DA, and UA at 2.5, 0.4, 0.6 µM levels with a linearity of 4-2000, 0.5-2000, and 0.8-1500 µM, respectively. The results were in good agreement with other similar commercial instruments suggest that the developed device could be used as a POC device to monitor the target analytes.
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